Our objective was to design a structured approach to maintaining comparability of biochemical data during a long clinical trial. Maintaining the comparability of clinical and biochemical data obtained in long-term studies is essential, even though analytical methods in the laboratory may be changed, conventions on specimen handling and storage revised, calibration procedures updated, quality-control systems replaced, and secular changes may occur. The United Kingdom Prospective Diabetes Study (UKPDS), a large randomized control trial investigating therapy for type 2 diabetes, was the setting for the study. Data were collected from 5102 subjects randomized since 1977. Our techniques included quality control, external quality assurance, direct comparison of laboratory methods when updating assays and statistical techniques for the detection of unsuspected changes in assay bias, laboratory comparisons of new with old assay methodologies, the realigning of data to current methods, the use of a suitable reference population for long-term monitoring, and rules to aid decision-making about clinical vs statistical significance. Procedures by which comparability of data is assured should be specified for all long-term trials and, where possible, comparison with reference methods should be detailed to allow results from different laboratories to be compared.
In long-term medical trials it is essential that measurements of clinical and biochemical variables collected throughout the study are comparable. Measurements in long-term studies may be affected when analytical methods are changed, conventions on specimen storage revised, calibration procedures updated, and quality-control (QC) systems replaced. Secular changes may also occur in the characteristics of the underlying population [1] . Procedures are needed that can monitor the accuracy and performance of different analytical methods, decide when a substantial change in measurement has occurred, determine whether an adjustment to the data is required, choose which, if any, mathematical transformation should be applied, and verify the adequacy of these procedures.
The procedures we have developed are illustrated with data for glycohemoglobin and plasma triglyceride obtained over 15 years from the UK Prospective Diabetes Study (UKPDS) 2 [2], a randomized intervention trial designed to investigate whether intensive as opposed to conventional therapy of glycemic control can reduce morbidity and mortality in patients with type 2 diabetes. This trial was passed by the Central Oxford Research Ethics Committee and fulfills the criteria of the Helsinki Declaration, 1975 and 1983. methods The UKPDS recruited 5102 newly diagnosed type 2 diabetic patients in 23 UK centers over 15 years from 1977 to 1991 [2] and is ongoing. Blood and urine samples were obtained regularly for biochemical analysis in a central laboratory [3] where sample dates, analytical methods, and assay results were recorded.
Biochemistry methodology for 15 UKPDS analytes has previously been described. Glycohemoglobin was measured as hemoglobin A 1c ( 
strategy for evaluation of biochemical data
Accepted internal laboratory quality-control and external quality-assurance procedures have been used throughout the UKPDS trial. To maintain comparability of data when improved assays were introduced, formal laboratory comparisons of biochemical methods were undertaken, and statistical overview techniques were used to detect unforeseen shifts (Table 1) .
qc and quality assurance (qa)
For each laboratory assay run, commercially available QC sera were measured at low, medium, and high concentrations. From 1986, these results have been entered into an in-house computer program (QSTAT) that determined whether the results were acceptable by modified Westgard rules [5] . These rules used the deviation of sequential QC sera results from the mean of 30 run-in measurements for each QC concentration. A single QC value Ϯ 3 SD or two QC values Ϯ 2 SD from the mean indicated that reassay was necessary (Fig. 1) .
The central laboratory participated in appropriate external QA schemes. These were available for most analytes in the later stages of the study. Reports from these schemes were inspected to compare the performance of the methods used by the UKPDS laboratory with those of other laboratories and with available reference methods.
introduction of improved analytical methods
Analytical methods were updated during the study as improved technologies became available. Formal laboratory comparisons of any new method with the previous one involved the assay of at least 200 samples in parallel on several days and over a representative range of values.
Descriptive statistics were prepared from the data for each method, and the results for different methods were compared with appropriate statistical tests, including paired t-tests, Mann-Whitney U-test, or Wilcoxon signed rank test for differences in central tendency and Kolmogorov-Smirnov test for differences between distributions. Scattergrams ( Fig. 2A ) and difference plots (Fig. 2B) , as outlined by Bland and Altman [6] , were inspected to identify differences between methods and to determine whether any differences were related to an offset or to the concentration of the analyte. An appropriate equation relating the two methods was calculated: e.g., a linear or quadratic regression model with a logarithmic or square root transformation of the data if required. For further statistical analyses this equation was used to realign the previous data to the current method (Fig. 3) .
maintaining comparability of data with a reference population
Representative data from a suitable population can be used to confirm the comparability of measurements over time. This approach assumes that the distribution of biochemical variables measured in random samples drawn at different times from a large representative population will not vary substantially, although the population demographics may nevertheless vary with time (e.g., the change in population cholesterol that occurred during the MRFIT trial). The reference population we used consisted of the newly diagnosed patients entering the study each year. To recruit a control population alongside the study population, even though this would have financial, workload, and recruitment implications, is now more desirable. To ensure that there were no major potentially confounding changes in population characteristics, such as body weight, the relevant clinical and biometric data were analyzed. Data from this population for each analytical method used during the study were compared with data from the current analytical method, to determine whether there were any systematic differences between a previous assay method and the current method. Box-and-whisker plots (Fig. 2C) showing the median and interquartile range (box), and 10th and 90th centiles (whiskers) for each analytical method were examined and compared with the median and 95% confidence interval of the current method. Appropriate statistical tests were applied to compare each method with the current method to determine whether there were significant differences between the methods.
In large trials, it is necessary to decide whether small but statistically significant differences are of clinical importance [7] . For Hb A 1c and triglycerides we have used the criteria that it is not necessary to realign differences with statistical significance (P Ͼ0.01) or differences between the medians of Ͻ5% (Fig. 4) . Such criteria are based on differences between normal and pathological populations; assay performance can also be used to assist in deciding whether it is necessary to realign data from structured laboratory comparisons of analytical methods.
In short-term trials, it may be sufficient to use Cusum charts [8] (a plot against time of the daily cumulative sum of the difference between the measurement and the established mean, keeping the sign of the difference) to detect changes across time within an analytical method. The quangle, or quality-control angle, chart [9] is more suit- Centile points of data from reference population for plasma triglyceride before the quangle inflexion point; data before (F) and after (E) realignment to the current method. able for looking at data over a longer time period (Fig. 5) . For a series X 1 . . . X n with T the target and neutral value, the quangle after r steps can be calculated by taking a as the length of each segment and as the angle corresponding to 1 unit (the angular scale) such that
These will be approximately the same as the co-ordinates for the cusum if X i Ϫ T is small, and is chosen to be equal to b/a [9] . Changes in the direction of the line (inflexion points) on a quangle plot indicate a change in the mean value of accumulating data. If the mean continually increases, the quangle will continue to change direction and is independent of the choice of a target value, and thus it is easier to separate time periods of different behavior than is the use of Cusum methods. The shape of the quangle plot is a useful visual aid where more than one change has occurred over the time period. A quangle plot was prepared for each variable, and the dates of changes of analytical methods were marked on the plot. Laboratory records of QC data on either side of any additional obvious inflexion points were checked for discontinuities. When an unexpected inflexion point was confirmed by a simultaneous change in QC data, the data were divided into two groups at this point and considered as different analytical methods for purposes of adjustment.
Results

qc and qa
A sequential plot of QC data from QSTAT for Hb A 1c , measured by HPLC in the central laboratory, is shown in Fig. 1 . The performance of analytical methods was assessed by monitoring the CV for 30 sequential QC samples at three concentrations: low, medium, and high. The mean concentration of each QC was compared with the value assigned externally for the QC, where available. Interassay CVs of Ͻ2% were obtained for both Hb A 1c and plasma triglyceride. The UK National External Quality Assessment Schemes for Hb A 1c and triglyceride and the Murex Diagnostics Ltd. Clinical Chemistry Quality Assessment Program for triglyceride were used for assessment of the laboratory performance, QA, and comparison with other laboratories and analytical methods.
introduction of improved analytical methods
Measurements of glycohemoglobin by the EEO method (Hb A 1 ) were compared with measurements of the same samples by the HPLC method on the Bio-Rad Diamat analyzer (Hb A 1c ) in 296 samples across a range of samples from apparently healthy subjects and diabetic patients (Fig. 2, A and B) . This showed that it was necessary to realign the previous EEO data to the HPLC by a linear regression equation:
Comparisons were also made for measuring Hb A 1 by the IEF and EEO methods.
maintaining comparability of clinical and biochemical data
Data were obtained from newly diagnosed patients at the recruitment and randomization visits between 1977 and 1991. Weight, height, age, and initial fasting plasma glucose were inspected and showed no systematic changes over time. Data from these patients were then used to confirm that other longitudinal data remained comparable. Data from this reference population for the three different assay methods for measuring glycohemoglobin (IEF, EEO, and HPLC) are illustrated in Fig. 2C with the shaded areas showing data before realignment to the HPLC method [the median (95% confidence interval) of the HPLC method is indicated for reference]. These data confirmed that the formulas obtained from the direct laboratory comparisons were robust.
A quangle plot of the plasma triglyceride data identified a discontinuity during 1982 (Fig. 5) . Laboratory QC data confirmed a step change in all three concentrations of QC during 1982 that had previously been undetected by visual inspection of plots of consecutive QC values (Levey-Jennings charts). The data from the reference population were divided at this inflexion point, and an adjustment was made as if they were different analytical methods. In total, five inflexion points were identified on the quangle plots for the 15 UKPDS analytes, only 2 of which were confirmed by QC records. If the quangle point was confirmed by QC records, a decision was made to realign the data for these two analytes by the predetermined rules for statistical significance vs clinical difference. The relevant mathematical transform was calculated, and a graph of centiles for adjusted data was plotted against those for the current method to check that the transformation was valid across the measured range (Fig. 3) .
Discussion
The need for comparability of measurements in long-term trials is self-evident, although formal procedures for checking data over many years are rarely specified. Where only clinical end-points only are of interest, careful randomization can protect major trial outcomes from systematic bias. On the other hand, if data from long-term studies are to be used to monitor progression, deterioration, emergence of new risk factors, or markers of disease, then monitoring and maintaining comparability of biochemical and clinical data from changing analytical methods is essential.
In clinical trials, analytical methods need to be updated when improved techniques become available. The alternative would be to constrain a trial to obsolete technology, which would ultimately render the data irrelevant to modern practice and the results unpublishable. Adherence to older methods is not an option because the accuracy and precision of laboratory techniques used in the 1970s are not acceptable in the 1990s. For example, measurement of glycohemoglobin has changed from Hb A 1 to Hb A 1c with a concomitant reduction in the interassay CV from 10% to 2% and different normal ranges for the analytes [10] . Storage of some samples at Ϫ70°C may allow retrospective comparisons, but with large trials not all samples could be reassayed years later. Direct laboratory comparison of samples across the appropriate range is essential when laboratory methods are changed. For the UKPDS, the statistical evaluation procedures described here verified that these comparisons were reliable.
Internal QC and external QA schemes in the laboratory are necessary to monitor the performance of an analytical method. However, currently available external QA schemes do not provide adequate long-term monitoring. QA schemes report the mean Ϯ SD of results from all participating laboratories and also more-specific method means. This norm-referencing is not necessarily stable in the long term as laboratories join and leave the schemes or change their methodologies, so the reported norms and sizes of groups for each method will vary. Existing QA schemes rely on lyophilized nonhuman sera, which may not perform the same as human samples when assayed. However, new external QA schemes [11] aim to compare individual laboratory performance with reference methods for native human blood or serum. These schemes, which are being organized internationally, should allow results from different laboratories and methods to be compared. Networks of reference laboratories are being set up in Europe with guidelines from external assessment to achieve an accuracy-based uniform measurement scheme with traceability to the true value, i.e., the European Reference System for the Medical Laboratory [12] .
A primary reference material, which is a mixture of pure Hb A 1c and Hb A 0 , along with a reference method that specifically measures Hb A 1c is being developed by an IFCC working group on calibration of Hb A 1c [13] . This reference system will in time be used for the primary calibration of routine tests; a common calibrator for HbA 1c has been shown to reduce interlaboratory variation markedly [14] . While this system is being developed, the method from the Diabetes Control and Complications Trial [15] will be used as a reference method for international standardization and comparison of results from different methods. Assurance is needed that measurements carried out 10 years ago are comparable with those carried out today. In the absence of a recognized reference method, one solution is the use of data from a reference population. These data can be taken from measurements in an external population of apparently healthy subjects, or, as described in this paper, an internal population where the distributions of the biochemical characteristics of a large population at entry to the study were assumed to be stable when anthropometric measurements, such as body weight and height, had not changed. One should be aware that this is nevertheless no guarantee of complete stability: Populations change their characteristics with time and age [16] . However, a judiciously chosen population will allow comparisons between the study and background demographic change. This procedure allows a longitudinal check that values determined in the early years of the study are not significantly different from those in subsequent years and confirms that no previously undetected anomalies exist in the data.
The quangle plot provides another method for monitoring changes in data, which is probably more useful over long periods than the more commonly used Cusum [8] . When examining longitudinal data in a reference population, the quangle can be used to assess comparability of data, and this technique is applicable to either internal or external reference populations. Only two possible discontinuities in the UKPDS data identified by the quangle plot were confirmed by reanalysis of previous QC data. Both occurred early in the study when laboratory QC involved only visual inspection of data (before the advent of computerized Westgard rules) and it is possible that the change in triglyceride measurement in 1982 was caused by a change of reagents.
As the number of samples in a comparison increases, the power of statistical techniques to identify smaller and smaller conventionally statistically significant differences increases. In a large study differences can be identified as statistically significant although they may not be of biological or clinical relevance [17] . It is therefore necessary to determine whether any discontinuities detected by quangle from large data sets and confirmed by QC records are of clinical importance to the study. The decision to realign the data should be based on the biological and analytical characteristics of the variable and the nature of the clinical study. This interpretation of Clinical Chemistry 43, No. 10, 1997 clinical laboratory data has already been suggested as the clinical usefulness approach by Petersen et al. [18] along with the assessment of analytical performance and biological within-and between-subject variation.
That laboratory data from clinical trials can be compared with data from methods used in other laboratories is important. Steps should be taken to use the procedures described in this paper for comparison with national and international standards where available. The main comparative outcomes of long-term trials, such as the UKPDS, are protected from systematic bias by an appropriate experimental design and random allocation to different therapies. However, failure to ensure comparability of data from different analytical methods may mean that substantial and important longitudinal descriptive results remain undetected or that trends over time are not correctly identified. Trial reports should therefore specify what procedures have been used to ensure that clinical and biochemical measurements made over extended periods of time are comparable and, in future, should detail comparisons of laboratory methods with international references.
